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Abstract—Advanced applications in the area of remote health
monitoring can be realized by Wireless Body Area Networks
(WBANs). This paper investigates the physical propagation
channel at 2.45 GHz near real humans and presents an ap-
plication for cross-layer design in order to optimize the energy
consumption of single-hop and multi-hop network topologies. The
characterization of the physical layer is an important element in
the development of a WBAN. Propagation measurements are
performed on real humans in a multipath environment and
propagation models are proposed. As a cross-layer application,
the proposed path loss models are used to evaluate the energy
efficiency of different network topologies. The paper investigates
which topology is the most energy efficient in WBANs: single-hop
or multi-hop communication.
I. I NTRODUCTION
A Wireless Body Area Network (WBAN) offers many
promising applications in health care, medicine, sports, and
multimedia, all of which make advantage of the unconstrained
freedom of movement a WBAN offers. A WBAN connects
independent nodes that are situated in the clothes, on the body
or under the skin of a person through a wireless communica-
tion channel. According to the implementation, these nodes
are placed in a star or multi-hop topology [1]. A WBAN
offers many promising, new applications in home/health care,
medicine, sports, multimedia, and many other areas, all of
which make advantage of the unconstrained freedom of move-
ment a WBAN offers.
The wireless connection between the devices of a WBAN
can occur at different frequencies. Often the ISM (Industrial,
Scientific and Medical) frequency bands or UWB (Ultra Wide-
band) are used. The 2.4 GHz band here is selected because
it is freely available and most practical existing technology
for WBANs works in this band. This paper characterizes
the physical layer for narrow band communication at 2.45
GHz between two half wavelength dipoles near humans.
Measurements are performed in a multipath environment on
real humans considering different parts of the human body. As
an application, the propagation models of this paper are used
to evaluate the energy consumption of single-hop and multi-
hop topologies in wireless networks on the human body. The
physical propagation analysis is used to investigate thoroughly
the impact on the energy consumption on protocol level (cross-
layer research) in order to determine the most optimal network
topology in terms of energy efficiency.
Papers [2]–[10] characterize the wireless on-body channel
for some specific configurations of the transmitter and re-
ceiver and provide physical-layer models. Moreover, [11]–
[18] present important research concerning the on-body wire-
less propagation and antennas. [10], [19] indicate that muli-
hop wireless networks are required and single-hop networks
are very difficult to realize. In [20], [21] the physical-layer
models are used for designing and testing energy efficient
and reliable cross-layer protocols, i.e. combining the MAC
(Medium Access Control) layer and network layer. The work
of Zasowski [10] was a first attempt to justify the use of
multi-hop in a WBAN, where intermediate hops are used for
reaching the receiver. An energy model only applicable for
UWB communication is used and it is concluded that the
criteria whether to use a multi-hop strategy depend on the
ratio of the energy consumption needed for decoding/coding
and receiving/generating a UWB-pulse. In [22] reliability is
experimentally investigated by measuring the packet delivery
ratio without imposing a MAC-protocol. A multi-hop strategy
turns out the most reliable.
The radios used in WBANs are very small, which leaves
nly limited space for a battery while recharging is not always
possible. Furthermore, an important requirement for WBANs
is a large lifetime of the network. Therefore, energy efficien y
is of uttermost importance in order to increase the lifetimeof
the network and to meet the requirements.
Regular ad-hoc and sensor networks mostly use multi-hop
communication where nodes in the network act as routers for
other nodes to help guarantee connectivity. Implementations
in a WBAN often assume single-hop communication where
all information is sent directly to the receiver.
The outline of this paper is as follows. In Section II, the
measurement setup and the investigated configurations are
described. Section III discusses the the on-body path loss in a
multipath environment using measurements on real persons.
In Section IV, a network protocol is introduced and the
proposed path loss models are used to examine the energy
performance of single-hop and multi-hop network topologies.
Finally, conclusions are presented in Section V.
II. CONFIGURATIONS AND MEASUREMENTSETUP
Two identical half-wavelength dipoles at 2.45 GHz [23],
with a length of 5.7 cm and a diameter of 1 mm, are placed at
various positions on the human body. The -10 dB bandwidth
of |S11| is about 300 MHz at 2.45 GHz if placed at a distance
of 5 mm from the body. The measurements are performed in a
modern office. The dipoles are balanced for radiation near the
human body using aλ/4-bazooka balun [24]. A vector network
analyzer (Rohde& Schwarz ZVR) is used to determine the
S21(f)-parameter (with respect to 50Ω) between transmitter
Tx and receiver Rx antennas for the different positions. In
all measurements the dipoles are placed parallel to each other
and are lined up for maximal power transfer. The propagation
channel characteristics depend strongly on the height of the
antenna above the body [2]. In this paper we investigate the
wireless channel for a separation of 5 mm between the body
and the antennas. The wireless on-body channel for line-of-
sight narrow band communication at 2.45 GHz along the
arm, the back, the torso, and the leg is investigated. The
various antenna positions on the body are shown in Fig. 1.
The selection of the measurement points is made for typical
WBAN sensor locations on different body parts.
In total 583 different antenna positions are investigated.The
distance between the antennas varies from 5 cm up to 40 cm
in steps of 1 cm. These measurements are performed on two
persons: a man (height 1.73 m, weight 73 kg, BMI (body mass
index) 24.4 kg/m2) and a woman (height 1.69 m, weight 61
kg, BMI 21.4 kg/m2), both 23 years old. 214 measurements
along the stretched arm, 132 on the back, 102 on the torso,
and 135 on the leg were performed, respectively.
front view back view
Fig. 1. Antenna positions on the body (square = Tx and x = Rx).
III. PHYSICAL LAYER : PATH LOSS
A. Path loss model
To model the path loss between the transmitting and the
receiving antenna as a function of the distance, we use the
following semi-empirical formula [24]:
PdB(d) = P0,dB + 10n log(d/d0) = −|S21|dB (1)
where the antenna separationd is expressed in cm,P0,dB is
the path loss in dB at a reference distanced0 (10 cm here), and
n [-] is the path loss exponent, which equals 2 in free space.
The path loss is defined as−|S21|dB when the generator at
Tx has an input impedance of 50Ω and Rx is terminated
with 50 Ω, which allows us to regard the setup as a two-port
network for which we determineS21.
Since the body is within the near field of the antenna,
charges on both the antenna and body surfaces interact to
create a single radiating system. In this case, it is no longer
possible to separate the influence of the antenna from the
influence of the body. Therefore, the antenna is included as a
part of the channel model throughout this analysis [25]. The
values and models that are determined in this measurement
campaign are specific to our particular antenna, human bodies
of the 2 persons, and office environment.
B. Measurement results
Fig. 2 shows the measured path loss versus Tx-Rx sep-
aration along the arm. The markers indicate the individual
measurements, while the lines represent the path loss models
obtained through fitting of the measurement data. Fig. 3 show
the fitted path loss models for all investigated body parts.
Table I lists the parameter values of the fitted path loss
models according to equation (1), and the variations of the
measurement results around the model.





















Fig. 2. Measured path loss and fitted models versus antenna separation along
the arm
The path loss increases with antenna separation as expected
(Figs. 2 and 3. The path loss along the arm and the leg are very
similar, see Table I and Fig. 3. The reference path loss and
the path loss exponent of both models are almost the same:
P0,dB ≈ 32.4 dB andn ≈ 3.4. For the measured path loss
along the leg, we observe a slightly higher variation aroundthe
path loss model (standard deviationσ = 5.3 dB) compared
with the measurements along the arm (σ = 4.1 dB). This
is because the measurements along the leg were performed
on three different lines (front, side, and back), while along
the arm only one line was investigated. The path loss model
of (1) assumes that the coupling between Tx and Rx antenna
is neglected for short seperations between the antennas. For a
seperation of down to 5 cm the coupling between the antennas
close to the body is still acceptable as no clear deviation
between model and measurements is observed in Fig. 2, 3.
The path loss along the torso follows the same course as the
path loss along the arm, but the path loss along the torso is the
highest of the investigated body parts. This is probably dueto
the higher absorption in the larger volume of the trunk, and
because the surface of the trunk is less flat than the surfacesof
the other investigated body parts. The path loss along the back
follows a different course than the other three models. The path
loss exponent is much lower (n ≈ 2.18). This is because the
surface of the back is more flat than the surface of the torso.
The disparity in tissue compositions and in tissue thicknesses
are another explanation for the variation between the path loss
models for the different body parts. Due to different tissue
compositions and thicknesses, the absorption in the specific
body parts will vary, and thus the path loss along the body
parts will differ.


























Fig. 3. Path loss models derived from measurements along the arm,torso
back and leg.
One can also define an average path loss model for the
whole human body. For this purpose we consider a path loss
model obtained through fitting of all measurement data. Fig.3
shows the path loss models for the investigated body parts
and for the measurements all together (full line). This curve
lies between the previously derived path loss models. The
parameter values of this model are also shown in Table I.
The model is valid for line-of-sight communication, for the
specified ranges 5 to 40 cm, and the investigated body parts
(torso, back, arm, leg). Moreover the models are valid for the
investigated subjects and the simulation model.
parameter arm leg back torso body
P0,dB [dB] 32.2 32.5 36.8 41.2 35.2
n [-] 3.35 3.45 2.18 3.23 3.11
d0 [cm] 10 10 10 10 10
σ [dB] 4.1 5.3 5.6 6.1 6.1
TABLE I
PARAMETERS OF THE DIFFERENT PATH LOSS MODELS.
C. Cumulative distribution function (CDF)
The model in equation (1) only represents the mean path
loss [26]. In practice, there will be variations with respect to
the nominal value. This variation is taken into account in the
propagation model used in Section IV-B. It was shown in [27]
that the variation around the mean path loss is well described
by a lognormal distribution.
The mean valuesµ and the standard deviationsσ of the
lognormal distributions for the different body parts, fitted using
a least-square error method, are provided in Table II. The
values of these parameters indicate that the path loss models
show very good correspondence with the measurement results.
The mean values of the fitted CDFs of the deviation is close
to 0 dB and the standard deviations differ less than 1 dB
from the standard deviation of the measured values (Table II).
Moreover, the different data sets also passed a Kolmogorov-
Smirnov (K-S) test for normality at significance level 5%,
indicating that the deviation of measured path loss and model
(in dB) is normally distributed [28].
parameter arm leg back torso
PLdB σ [dB] 3.4 5.9 5.2 5.5
µ [dB] -0.2 -0.3 0.0 -0.7
TABLE II
PARAMETERS OFCDF OF DEVIATION BETWEEN MEASUREDPL AND
MODEL (LOGNORMAL DISTRIBUTION FIT).
IV. I MPACT ON ENERGY EFFICIENT NETWORK TOPOLOGY
In this section, we evaluate the energy consumption for
narrowband communication at 2.4 GHz based on a commercial
available radio. The goal is to investigate which topology is
the most energy efficient in WBANs: single-hop or multi-hop
communication. Firstly, a propagation model and an appropri-
ate energy model are selected. Secondly, this energy model is
subsequently used for analyzing the energy consumption.
A. Propagation model
When developing an energy model of the radio, it is impor-
tant to distinguish between line of sight (LOS) propagation(in
this paper) and non-line of sight (NLOS) situations (e.g., in
[29] research about propagation around the torso for UWB-
communication in a band of 3 to 6 GHz is performed). These
models can be used for a narrowband system around 2.4
GHz as it is relatively close to the band of 3 GHz. Both
models use (1), but with different parameters. For the LOS
propagation, the parameters can be found in Table I (we use the
whole body model). The NLOS propagation has the following
parameter values:d0 = 10 cm, P0,dB = 48.8 dB, n = 5.9,
and σ = 5.0 dB [29]. A higher path loss and a higher path
loss exponent along the NLOS channel than along the LOS
channel is observed due to diffraction around the human body
and absorption of a large amount of radiation by the body.
The model in (1) only represents the mean path loss [26].
We also have to take the variations with respect to the nominal
value into consideration. Therefore, a variation component (see
Section III-C) is included in propagation model. It is crucial
to account for this, in order to provide a certain reliability of
communications. The received signal strengthpjr,dB at a node
j from a nodei sending with transmitting powerpis,dB over
a distancedi,j between the nodes, can be written as
pjr,dB(di,j) = p
i
s,dB − PdB(di,j) − Xσ,dB [dBW ] (2)
wherePdB is the value predicted by the path loss model in
equation (1) and the variation componentXσ,dB is a zero-
mean Gaussian random variable with standard deviationσ
(specified by the path loss model). The condition for com-
munication is thatpjr,dB is higher than a certain thresholdpth
at the receiver. As a result, the probabilityCon(i, j) that two
nodesi and j are connected can be formulated as:





















If a reliable WBAN is desired, for example, a connection
probability Con(i, j) of 99% can be demanded.
B. Energy model
A good energy model of the radio is important for analyzing
the energy efficiency of a network. Different energy models
can be found in the literature. We have adapted the first-order
model described in [30]. This model assumes ad2 energy
loss due to channel transmission withd the distance between
Tx and Rx. Here, we transform the model in a more general
one by changingd2 to dn, wheren represents the path loss
coefficient (n = 3.11 for the LOS channel andn = 5.9 for
the NLOS channel). Doing so, the energy model becomes the
following:
Etx(k, d, n) = ETXelec · k + Eamp(n) · k · dn (6)
Erx(k) = ERXelec · k (7)
In these formulas,Etx [J] represents the transmission en-
ergy, Erx [J] the receiver energy,ETXelec [nJ/bit] and
ERXelec [nJ/bit] the energy dissipated by the radio to run
the circuitry for the transmitter and receiver respectively,
Eamp(n) [J/(bit ·mn)] the energy for the transmit amplifier,
andk [bit] the number of bits sent. The radios are presumed
to have power control and consume the minimal energy needed
to reach the receiver. The specific values of these parameters
are hardware dependent. We have determined these param-
eters for two commercially available transceivers which are
frequently used in sensor networks: the Nordic nRF2401 low
power single chip transceiver [31] and the Chipcon CC2420
transceiver [32] used in Telos-B motes. Both transceivers work
in the 2.4–2.4835 GHz band and have a very low power
consumption. The appropriate values for the parameters above
were obtained by fitting equations (6) and (7) to the actual
power consumption of the devices which can be found in the
datasheets. The distance used in equation (6) is the maximal
distance that can be reached between Tx and Rx. If the receiver
is positioned a little bit further, it is no longer within the
receive range of the sender and the received signal is below
the sensitivity of the radio. This maximal distance is calculated
for each output power level (ptx) using equations (1) and (2)
and the assumption that the maximal path loss (PdB) equals
the difference between the sensitivity of the radio andptx. A
reliability of 99% is assumed. Table III shows the results for
both radios for the different values of the path loss exponent
n for the LOS and the NLOS channel. It can be seen that the
Nordic radio has a lower energy consumption per bit. This can
be explained by the higher bitrate that can be obtained by the
Nordic transceiver. Hence, we will use the parameters of the
Nordic radios in our further calculations.
parameters Nordic Chipcon
ERXelec [nJ/bit] 36.1 172.8
ETXelec [nJ/bit] 16.7 96.9
Eamp(n = 5.9) [J/(bit ·mn)] 7.99e-6 9.18e-4
Eamp(n = 3.11) [J/(bit ·mn)] 1.97e-9 2.71e-7
TABLE III
PARAMETERS FOR ENERGY CONSUMPTION OF THENORDIC NRF2401
AND CHIPCON CC2420TRANSCEIVER.
C. Scenario
We want to show that a multi-hop approach is inevitable in
a WBAN when evaluating the energy efficiency. Therefore, we
consider a regular tree network as it allows a more generic way
of approaching the problem. More specifically, we assume a
ζ-balanced tree, i.e. a tree where all the children have exactly ζ
children. In Fig. 4, a balanced tree withζ = 2 is depicted. There
are L levels in the network that are numbered consecutively
from level 1 for the nodes that are the furthest away from
the sink up to levelL for the nodes closest to the sink.
We assume that the distance between the levels is fixed at
an inter-node distancedin. The spacing between the nodes
is uniform in order to make the analysis more general. If a
scenario was used with predetermined test locations of the
nodes on the body, the results would only be applicable to that
specific scenario. Indeed, it would be interesting to see how
this scenario would behave, but this information can also be
derived from our more general analysis with uniform spacing.
As mentioned in Section IV-B, we distinguish between LOS
and NLOS communication. The links between neighboring
nodes is modeled as a LOS situation. In other situations,
the path loss for NLOS is used. By using both LOS and
NLOS, communication from one side of the body to the
opposite is considered. Further, by changing the distancedin,
communication between a leg or arm can be modeled.
We assume that all nodes in the tree network generate
packets at the same rate, so during each duty cycle each node
wants to send one packet to the sink. Moreover, a perfect duty
cycle is assumed, i.e. a sensor only turns on its radio when it










Fig. 4. Binary tree topology (ζ = 2) with fixed inter-node distancedin and
L levels.
to orthogonalize the results from this study and the properties
of specific MAC-protocols.
As the energy efficiency is considered as one of the most
important performance issues of WBANs, we use the network
lifetime as metric, which we define as the time for the first
node to die. In order to have a high network lifetime, the most
consuming node should be made more energy efficient. This
metric forces us to consider all nodes to be equally important,
which corresponds to the fact that a WBAN has no redundant
nodes.
We will try to improve the energy performance for this
topology. In a first instance, we use a very simple type
of multi-hop routing where the data is sent to the nearest
neighbor. In a second instance, the multi-hop routing is made
more complex by adding relay devices and by letting the nodes
cooperate.
D. Single-hop versus multi-hop
In the tree network of Fig. 4, the energy usage per bit for
a node at levely when using single-hop (ESH [J/bit]) can be
written as:
ESH(y, din) = ETXelec + Eamp(n) ((L − y + 1) · din)n(8)
Whereas the energy usage for a node at levely in a multi-











ζi · k · (ETXelec + Eamp(η) · dηin)
(9)
Due to theζ-balanced tree, each node hasζ children, what
explains the factorζ at the receiver part.
Fig. 5 shows the energy usage ratioEMH/ESH [-] of multi-
hop versus single-hop scenario, in a tree network forζ = 2 with
4, 5 or 6 levels and in = 20 cm or 30 cm. IfEMH/ESH < 1,
then multi-hop is better and ifEMH/ESH > 1, then single-
hop is better.
The results show that the nodes closest to the sink (at
level 6) perform really bad when using multi-hop: they become
hotspotsusing more than 100 times the energy of the single-
hop scenario because they are relaying a lot of data from the
nodes at the other levels. However, far away from the sink, at
level 1 in Fig. 5, the single-hop scenario performs up to 1000
times worse than the multi-hop scenario because of the much
higher path loss. It is clear that distance plays an important
role in these results. When the distance between the nodes
increases, the high path loss in the single-hop scenario hasa
dramatical impact on the performance, resulting in a higher
energy usage.
E. Better energy efficiency by cooperation
The results obtained in the previous section are used to
improve the energy efficiency of communication taking place
in WBANs. The network lifetime can be improved by tackling
the energy usage at the nodes consuming the most energy.
We observe that in the single-hop scenario, there is clearly
room for energy saving at the nodes further away from the
sink (see Fig. 5). These nodes consume the most energy and
consequently will die first. However, we also see that in the
multi-hop scenario more energy is consumed by the nodes
closest to the sink (see Fig. 5), as they have to forward
the data received from nodes further away. Based on these
observations, we will consider the mechanism of cooperation
(i.e., the nodes cooperate in forwarding the data from one nod
toward the central device) that can be used in order to improve
the network lifetime.
Fig. 5. Ratio of energy usage in the multi-hop scenario (EMH ) over energy
usage in the single-hop scenario (ESH ) (tree topology (ζ = 2) with 4, 5 and
6 levels (L) and inter-node distancedin = 20 cm or 30 cm).
When we compare the energy usage [J/bit] in a single-hop
topology to the energy usage in a multi-hop topology in Fig. 6,
it is obvious that there is a lot of residual energy availableat
higher levels, i.e. the nodes the closest to the central device.
Indeed, by using this energy supply, the lifetime of the network
will be bounded by the energy usage of the nodes on level 3.
The data of the nodes on level 1 and 2 will be forwarded to
level 4 and level 5, respectively. This will lower the energy
consumption of these nodes, as was the case with the relay
devices. Hence, the network lifetime can be improved withou
the addition of extra relay devices.
The following formula is used to calculate the number of
nodes that can be relayed by the nodes at levelk when the
energy consumption is limited by the nodes at levell:
#nodes supported=
⌊
ESH(l, din) − ESH(k, din)
ER(1, (L − k + 1) · din)
⌋
(10)
with ⌊ ⌋ representing the floor function. Using this formula, it
can be calculated that, e.g., for a network with an inter-node
distancedin = 20 cm, the data of up to 4 nodes can be relayed
by the nodes at level 4.
Fig. 6 shows an example of the results when using the coop-
eration approach in a tree network withζ = 2 anddin = 20 cm.
The almost horizontal line of energy usage in the cooperating
network demonstrates a good trade off between single-hop
and multi-hop network setups, using a smart combination of
both. We can also see that the energy consumption of a node
at level 4 or 5 in the cooperating network (sending its own
data and relaying the data of the other nodes) still remains
slightly below the energy consumption of nodes at level 3.
The maximal energy usage in the cooperating network (see
Fig. 6) is a lot lower compared to the single-hop or multi-hop
approaches, resulting in a higher network lifetime
These last results show that a smart combination of single
and multi-hop networking will result in the most energy
efficient network topology. This information can be used by
protocol developers in order to create energy efficient routing
protocols for WBANs. For example, this topology can be
obtained by using a metric-driven protocol like [33] or by
adaptation of other hop-based protocols such as [34].
Fig. 6. Energy usage comparison between a single-hop, a multi-hop, and
cooperating scenario (tree topology withζ = 2 and inter-node distance
din = 20 cm).
V. CONCLUSIONS
Transmission between two half-wavelength dipoles near
the human body is studied at 2.45 GHz. Propagation mea-
surements are performed on real humans. The path loss is
characterized for different parts of the human body. For the
investigated subjects in a multipath environment, the pathloss
exponent is about 3.1 for line-of-sight communication. Path
loss along arm and leg is similar. The path loss along the torso
is the highest of the investigated body parts. The cumulative
distribution functions of the deviation of measured path loss
and models are well described by a lognormal distribution.
The propagation analysis is used to investigate an ap-
plication on protocol level in order to determine the most
optimal network topology in terms of energy efficiency. for the
considered subjects, it is shown that single-hop communication
is difficult in terms of energy consumption and multi-hop
communication would be a better choice.
A more cooperative approach can improve energy consump-
tion significantly, as this distributes the transmission load over
the entire network. Based on the results carried out from this
paper, metrics and algorithms should be developed that can
decide which node to forward to and that allow a node to
communicate whether it is capable of cooperating.
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